INTRODUCTION
Well-defi ned po ly mer/clay composites are first reported by Blumstein in the 1960's. 1 w ho poly merized methy l methacrylate i n the presence of a clay and found that the resulting poly mer had unusual properties. At the time it was not known that these were nanocomposites and, indeed, the term d id not yet exist. In the early 1990's, researchers at Toyota prepared a polyarnide-6 material by poly merization of caprolactam in the presence of a montmorillonite clay and found a remarkable enhancement in several properties. 2 This work was the genesi s of the vivid · Author to whom corre~ponde ncc should be addressed.
research which now occurs throughout the world on pol ymer nanocomposites and i t has sparked several revi~':s and books on this subj ect.
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Pristine clays are hydrophthc while most polymers are hydrophobic and thus, except a few hydrophilic polymers, IO-IJ most poly mers are not compatible (miscible) with p~istin_e ~~~~s. To form pol y mer clay nanocomposites, the tmmtsctbthty between the ~oly mer and the hydrophilic clay must be overcome by_ etther modi fying the polymer or, more frequently and easter, by modifying the clay. There _ar e f our diffe.rent methods to render organophilic propertte~ to ~e clay. . (4) a combination of two of the methods h sted above.
9
/n -siru polymerization and melt intercal ation are the most common methods to fabricate polymer/clay nanocomposites. The direct i ntercalation behavior of a molten poly mer into an organically modified clay was first observed by Vaia et aL employing pol ystyrene and an alkyl-ammonium modified montmorillonite. 14 M elt blending, which is "gr eener" than poly merization since it does not invol ve organic sol vents, has become the pref erred method to prepare polymer clay nanocomposites-also due to its lower barrier i ncorporation i n industrial processing. As pointed out by Giannelis, 4 · 15 the morphol oy of poly mer/clay composites: phase separated (immiscible also known as a microcomposite) , intercalated, and/or exfol iated (also known as delaminated) i s determined by the nature of the pol ymer and clay functionalizations and their interactions and, in the pre sence o f fa mrablc interactio ns, nanocomposite formation can be achic,cd without the use of solvent. tt •. 17 An exfoliated pulyamidc-6/MMT nanocomposite, for example.. can be ca'>il) fabricated by melt blending polyamide-6 with an appmpriate o rganically-modjfied clay, where the modifier contains o nly one long al iphatic chain. 14 • tH, 19 ' hu u ld be ta '-.l·n •tn rh c: c:' rc:nr o l malcu: anh)dride (~lr\:H ur malcu: an h~Jnrc t u n~·tl nn.t lt / .tlum n f PE or PP. ib ~ .. been ptuntcd our ~lorl: h) ~l.uu .... ; ·-too IO\\ MAH te n! due' not prornnll' n.llll ll·o anpo,tlc funn:ttton. \\hi~ toe hl!!h ~1 \II '-ontcnt l<:ad' ht tlllllll 'l.' thtlit) bct\\t..'\.'0 the ne-11 (unt unl' llonalr .-cdl po l~ n u: r a nd the m:t,tl'rb:lll'h. To a\ntd the: .\L\ 1 I lu m rtun.tlt.-cd pol~mer. ,igrnri · C<Jlll cffu n ' ha\c: h~:c: n ltll·u-.cd 1111 mtldif}ing pri iOC' d<J~' u"ng P I: o r I' I' p n l) matl· ··,urf.tct:mt ·· t'Cm~ <Jmmo nrum or pho, phnnflll ll c arinn,. ·n~~ U'\Unl wf~ l:mt ' U 't.'d lnr to 111c C\d1angc: "ith pri:-tinc d3) conum o ne u r 1\\tt Jo n!! ..1 !'-~ I d 1.1111 ' · "hic h nmtnin bcl\\~n 1~ :md IX rnc:lh) lc:nc: ' anJ lhl·,c g cncrall) h:nc n moi~Ur \\eig ht ot aho ut 500 g/m o l. "I Ill· molec ular "eighll' > of pol~ mc rid ulig omcric.: (ltc:rl. ·alh·r c.:allnl polymeric} . urfnct.mt .. a rc ba-.cd o n the.: '"m~· al aphark c.:hc mi:-.try but are mtk'fl lo ng er and l ;.~rgc r. around ) ()()() g/m o l anti sometimes e\ above I 0.000 g/mol. TIH.: . .. . c runs;---w e reas p ase separate mt crocompo~lle '> arc fo rmed when a sing le a liphatic chain is u cd or a polar benzyl group is present. 23 For non-po lar polyo lcfin,. - .uc:h as polyethy lene and po lypropylene, immi.-..ciblc ' tructurc .. are typically obtained by me lt interca lation with commo n organically modified clays. 24 · 25 Removing the ed ge hydroxyl groups can improve the nano-dic;per!.ion, 2 " <Jnd lead to the formation of an intercalated 'ystcm: the .. ame edge hydroxy ls a lso offer possibilities for further modification of the clays by silane-surfacta ms, and it ha' been shown that semi-fluorinated silanes can effectively promote miscibility between PP and montmorillo nitc . 17 In most cases, PE-g-MAH or PP-g-MA H i~ used a<, <1 1598 Jinguo Zhang received hi~ Bac helor and Ma ... rcr' dcgrc~: in P n ly m c r Science nnd Eng1• neering from the Nanjing Univcr...it y o f Tl!c hnolog). C h ina. and a Ph .D. deg ree in Orgam~ C hemistry fro m Marquette Univcr-.ity. in w hi c h hi ' rc..,ca rc h foc u:-cJ on functionali zed d.\~ a nd po lymer clay n a n ocornpo~ilc formati o n and the ll a tllc rcrardanc.:y behav ior. He is OO\\ .1 Post-doc in the Department o f Matcri ub Scie nce and E n gi n c~:ri n g at the Pcnn. y lvania Stat, University. in which hi~ re~ea rc h foc u~~:~ on p o ly!.! lhy lcnl! nanoc.:ompositc lilms and sm:ut biocompatible po l ymer~.
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Po lymerically Modified Layered Silicates: An Effective Route to Nanocomposites organic o lvent. and ' atcr i~ o ften used to d Lpcrse the clay in order to permit the cation t:xchange reaction. The cations to be inscn c d into the day are usually quate rnary a mmo nium catio ns . e ither formed o n the backbone 3 ! of the po ly me ric s urf<H: t a nt~ t>r pendant on the surfactant backbone. or can be a terminal fun ctio nal oro up of the polymer.J. Independe nt of the lot.:atio n. the re~ulting polymerically mo difie d day:-( PCN -P) us ually show a hig hly expanded gaJicry spat.:c anu can be melt mi xcu with variou homo logous polymer:-to fo rm nanocom posites with good na no-d is pcrs ion . u This revie w focuses o n the str:llcgies to p repare different polymeric ~urfat.:tan t s hearing c a tion s. and on the respective clay m o dificati o ns and pol y mer/e ta nanocomposite formation thro ug h intercalation me tho d s. Some properties of the poly me r clay nanocompositcs based o n such po lymerically modified day w ill also be di scussed.
SYNTHETIC STRATEGIES FOR POLYMERIC SURFACTANTS
Based on theore tica l a rg ume nts . Balazs ·
1~
p redic ted that inorganic nano partic lc d is pe rs io n in poly me r nwtrices sec . BuLi THF, -78 oc could be realized by increasing the aliphatic chain length of the o rganic modifier. Despite the quantitative shortcoming o f that theoretical approach (a higher fidelity theory 36 is needed to capture the response of real experimental syste ms), it d id put forward the qualitative energetic arguments invoked in the approach of the polymerically modified clays. and has-to some extent-paved the way for expe rimental studies in this direction. A few attempts have been made at grafting poly mers onto the functio nal g roups within clay.
-
39 These approaches will not be included in th is review since two steps are required 10 modify the clay. First, establish functionaJ groups on the clay. and subsequently graft a poly mer onto the clay through reaction with or initiation from these functional g roups. Here . we wi ll focus only o n direct modification by poly meric surfactants.
One End Functionalized Polymeric Surfactant
An ammonium cation tenn.inated polymeric surfactant was first reported by Hoffmann et al. 40 Anionic po lystyrene (Mn = 5800 g/mol. DPI = . 1.33 Polymerically Modified Layered Silicates: An Effecti\ e Route 10 ~all()Compo tte .. a laye red s ilicate, fturo mica. was s ucccs fully modified with thi s amine-te rminated polystyrene (PS-N Hj ). The process is depicted in Figure I .
In a late r approach, a series of model polyme r Ia~ • ered silicate na nocomposites were fabricated and c haracterized to investigate the e ffect of s urfac tant le ngth o n nanocomposite mo rphology. 41 Quaternary ammo nium [ -(CH 3 ) 3 N+] e nd-fu nctiona lized PS surfacta nt\ with varied molecular weig ht (Mn I 7600, I I 200. 6800. 2700. a nd 1735 g/mol , PDf ~ I .05) were prepared us ing a mine terminated PS followed by reaction wi th dimethyl sulfate. The molecular weights of these PS were well-controlled hy living a nionic polymerization. The e nd functi o na l amine was introduced by reacting the Ji ving polyme r-e nd with a-halo-w-aminoalkane derivati ves. 4 1. 4 2 A different, one-step, synthesis was u;;ed to make ammonium te rminated polypro pylene. Amine terminated PP (PP-t-NH 2 Mn = 58900 g/mol, POl = 2.30) wac, c.,ynthesized by addition of an appropriate tran~fer agent in a PP synthesis sche me employing rac-Mc 2 Sii2-Me-4-Ph(Ind))zZrC12/MAO complex as a catalyst.·n· 22. 97 (1995) . © 1995. Elsevier. GPC was fo und to be I 090 g/ mn l w ith a po lydispersity of 6.75 . The general formul a o f ATBN is : N H~-{PBDR. ! PA N~.8 } -N H 1 . T he mod ilictl day was obtained af ter q untemizing the amincs w it h concent rated HC I: bu. ed o n the quantities used . the fina l prouu~.:t is a mixture which contai ns 33% diammon ium tc r·minatcd ATB N. 33% with one amine and o ne ammon iu m te rminated ATBN a nd 33% free amine. The synthe tic route is shown in Figure 3 .
A diffe re nt approach utili z ing a difunctio nal a.lu terminated poly me r i.e .. a.w diamine -butadiene acrylonitrile,·17· .~8 was a lso used to make similar po lyme rically modified MMT. In thi s study. a liquid ATBN. which contai ned 17% ac?nitril e anti hat! a mo lecula r weig ht of 3400, was reacted w1th excess aqueous HC I to fully quat.ernize both amines. Significant tliffc re nces ex ist in the behavior of these two syste ms . as w ill be presented late r in this review.
Polymeric Surfactants Containing
Multiple Cations ese po ymen c surfactants were mai nly copolymers contairung vinylbenzyl chloride. which was employed so that it could quaternize an amine or phosphine to form the onium salt. Fioure 6 shows one example of this wo~k-the syntbesi; of a copolymer of vinylbenzyl c hlonde and styrene and its subsequent conversion into a n an1monium salt; the surfactant was termed as COPS. The starting monomers were polymerized through either .bulk or solution polymerization and the molecular wetgbt of these polymers (oligomers) was controlled to about 500~ ~/mol. Depending on the ratio between the copolymen zmg monomers, some units can contain mo re tha n o ne catio n.s 1 and .,orne may contai n more than two cations .
Polym eric Cations on the Backbone
R -Ph, Bu
• 61
The po lymeric surfactants based o n the copolymerization of VBC with other monomers are summari zed in Table J , w he re VBC j., omitted.
(b) Copolymer Based on Vinyl Cations. Sub<,cquent work has been focu sed on simplifyi ng the above 
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Po lymerically Modified Layered Silicates: An Effective Route to Nanocomposites terminated by dime thylamino propyl chloride (DMAPCl). The comb PBd, which is functionalized with dimethylamine gro ups, was first hydrogenated. then quaternized using excess HC I. The synthetic scheme is shown in Figure 10 : the number of branches grafted to the PBd backbone is not known.
CLAY MODIFICATION
Unlike the common alkyl ammonium cations used in clay modifi cation, most of the polymeric cationic salts are not water soluble, so an organic solvent which will dissolve the polymeric surfactant is needed to facilitate the ion-exchange reaction. For example, when functionalized ATBN was used as the modifier, 1-4 dioxane or DMSO were selected to dissolve the polymeric surlactant while the clay is dispersed in a mixture of H 2 0 and the selected solvent. For the polymeric surfactants listed in Table I , THF was frequently used. For end-functionalized PP with a relatively high molecular weight, and thus a small amount of terminal ammonium, and static intercalation 33 in absence of a solvent, was employed to modify the pristine clay, completely eliminating the use of solvents. 
CHARACTERIZATION OF POLYMERICALLY MODIFIED CLAYS
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Polymericall y Modified Layered Silicates: A n EfTccth e Route to Nanncomp(Nle~ dete rmine the inorganic (clay) conte nt of the pol) mc ricall y m odifie d c lay. and (b) to obtai n informatio n on the the rma l stability o f the new mate ria l. Whe n multiple catio ns pe r polyme r cha in exist, there is a .. tati, tica ll ) important pro ba bility that some of the e cations arc not bound to the c lay; for a given clay. i.e .. a given cation excha nge capacity, the organic conte nt wi ll be quite differe nt de pe nding o n the number o f polymer-cation\ which arc bound on the c lay. The common clay organic modifica tion'
begin to degrade at about 150-200 oc by the Ho fm a nn e limination68-70 de pe nding on the experime nta l condition: many o f these polyme rically modified clays c; ;how ex traordinarily bette r thermal stability, a nd degradatio n doc' not commence until a bout 300 oc, or even highe r. de pending on the substituents .
ln the ATB N modified MMT, 46 the Marting compo<,ition contained 33% MMT a nd 67% organic s urfacta nt but the final product conta ins 40% inorganic a nd 60% orga nic. a' shown in the TGA in Fi gure II . Assuming that all o f the MMT was modified , the n more than I 0% of the <. .ta n ing ATBN was lost. In a nother publication by the same group. more tha n I 5% was re ported lost. T GA provides a c rud a I evaluation of the modification quaJity a nd of the co mposition of the polymerically modified clay; the e nha nced thermal stability of polymericall y modi fied c lay has bee n discussed in a recent review. 7 1 The typical inorganic clay conte nt in a polyme rically modified clay is about 25%, and this inorganic content can be we ll controlled by varying the amount of monomer containing the alkylating agent in the copolymer. Taking triclay, in which clay is modi fied by a terpolyme r conta ining St, YBC and LA , as an example, the inorganic c lay conte nt can be controlled at 25 %, 37.5%, and 50% by a lte ring the ratio of the three components during the polymerization stage. The TGA curves a re shown in Figure 12. 
Morphology of Polymerically Modified Clay
The most frequently used methods to determine the structure of polymer clay nanocomposites are X-ray di ffraction X-ray dillr;.tc ti o n alone i~ nn t e nough to tlc te rminc tht' morpho logy of a nanocompos itc::. in fac t the use of XRD alo ne can be very mi s leading s ince both ex folintcd und disorde retl struc tures wil l be XRD s il e nt (show no peuk). T he us ual comple me nt to XRD is transmission electl\nl microscopy (TEM ).
7 -' Both the low anti high magnification mic rographs should be presented. The low magnification mic rograph e mphas izes the overall c lay di spe rsion. while the high magnificatio n mic rograph a llows the observution of the ind ividua l cl ay layers. so tha t the morphology. intercalated or ex fo liate d. can be assig ned. An intrinsic proh. le m with T EM is that it ca n o nly o bserve a small ponion o f the sample. whic h muy not be representative. A bulk meas ure me nt is definite ly pre fe rred. if o ne is to quantitatively establi sh the morpho logy o f these syste ms. Sorne bulk measure me nts that have been used to complement TEM incl ude. s ma ll a nd ultra-s mall ang le X-ray scattering. SA XS a nd USAXS . We iss 7 '.1 has made a compre he ns ive study of the intercal ation behavio r of n -alkylammonium ions into montmo· rillonite . As expected , the d-spacing of the organically modified s ili cate depends on the le ngth of the alkyl chnin and the charge (CEC) of the silicate laye rs. For rather high CEC values, the basal spac ing can show step-wise inc reases for ve ry mode rate c hanges in the surfactant s i.~c. 16 .
Number of e M b on at om Ill 6lkyl ch!Un in Figure 13 for example it was observed that it was increased for every two methylenes added to the surfactant (see also Ref. (80] , for a more detailed discussion).
The possible arrangement of the alkyl chains in the ~l kylammonium io ns within the gallery space of the silICate can be inferred fro m the experimental works of Weiss/ 9 Lagaly, 81 and Yai a, 82 in which the alkyl chains were no longer than C 20 , or from computer modeling approaches [e.g., Ref. [80] and refere nces therein] For most polymeri c su1·factants: the situation is much more complicated give n the conformational permutations of the long polymeric chains attached o n the inorganic layers.
In a fi rst approximation these structures resemble those of hydrophilic poly mer/clay nanocomposites, in which pOI}rmers can disperse clays that do not bear organicmodification surfactants: Specifical ly. (a) in the presence of strong specific interactions their structure would resemble ''delaminated.. structures where the fillers are separated by distances that reflect the organic loading of the hybrid (cf poly(vinyl alcohoi)/Na+ montmorillonite tructures;t 0 • 11 whereas (b) where the polymeric cations are the major favorable interaction between the polymeric surfactants and the clays, these structures would resemble more poly( ethylene oxide)/clay structures.
· l 3. 83-SS
Except for the end-functionalized polymeric surfactants, s uch as PS-t-NHj and PP-t-NHj. whose structure can be described via polymeric brush type of models, most other polymeric surfactants contain more than one cation per chain. which results in a more complicated arrangements on the surface of the silicate. Although the literature of polymeric adsorption-straightforward physisorption of homopolymers and/or of polymers containing "sticky" crroups-is very extensive, 89 little theoretical or modelfno work has been performed on the intercalation behavio; of polycations on clays. Williams-Daryn 90 suggested three possible arrangements of gemiru (divalent) surfactant chains in the silicate gallery, where bigh-CEC vermiculite in the form of quasi-single crystals was used; these arrangements are depicted in Figure 14 . However, these kinds of surfactant configurations are highly idealized and definitely fall short of describing reality. for example all three proposed surfactant structures from Fioure 14 are highly periodic and would give rise to surfacta~t XRD diffraction peaks, much like SAM structures on mica surfaces, but such XRD refl ections are not observed experimentally.
fn the case of polymerically modified clays, for example for ammonium-terminate~ P!' ~edified MMT (90: 10~, XRD shows no d 001 peak, mdicatmg that MMT exfoliates even under static melt intercalation in absence of any solvent or mechanical mixing; 33 a well-dispersed structure was confirmed by TEM observations. 33 F igure 15 compares the XRD patterns of these systems under two processing conditions: static melt intercalation at high temperature, which is effective and leads to intercalation of the end-functionalized PP and dispersed clay structures, and mixing at room temperature, which is not effective (the ca. 1 .2 nm d 001 of the hydrated Na+ montmorillonite is clearly visible in the XRD). The terminal ammonium was suggested to anchor the PP chains (via ion exchange) onto the inorganic surfaces, and the hydrophobic PP "tail" exfoliates the clay platelets purely due to steric effects. Similarly, the use of an ammonium-terminated PS may have also brought about exfoliation of the silicate (fluoromica) as no peak was observed from the XRD pattern when the inorganic clay loading was 20%; 40 the XRD trace is shown in Figure 16 .
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Polymcricully Modified Layered Silicates: An Effective Route to Nanocomposites 1141 Fnr s imilar ATBN polymers however. rescan.:he rs al Tnynta fo und no peak in their XRD mea ure mc m of ATB N- MMT. o~x In o rder to understand these 1wo comrasting rc:-.uhs. one must consider the different expe rime nwl <.:onc.Jitiu ns 1ha1 were used in the two studies. given in Table II Polymeric surfactants based o n the copolyme rizatio n with VBC usuall y result in a very large incre ase in the d-spacing. For example. the pol ymeric all y modified clay based on a copolyme r of s1yrcne with vinylbenzyl chloride, in whic h benzyl c hlo riJe is furthe r quate rnized by an amine, had a c/-spacing of 8 nm. Whe n styrene was changed to MMA . lhe resulting polymerically modified clay had a d-spacing o f 6.7 nm .<~1 It is very interesting that the work o n a terpoly me r;N St-MMA-VBC. modifi ed clay has been done by two research groups and the XRD results are s ig nificantly diffe re nt. The work done by Akelah used the po lyme rizatio n of St. MA and VBC, and this terpolyme r was used to quaternize e ither tr ibutylphosphine o r triphe ny lphosphine; these two modified montmori llo nites gave a d -spacing of about 15 A, quantifi ed by the XRD pa tte rns. However, Zheng et a l. 64 reported a larger value, 49 A with a s imilar te rpolymer slllfactant. In this latter case, the starting mate rial was vinylbenzyltrimethyl ammo nium c hl o ride, alo ng with styrene and methyl methacrylate, and hectorite was used as the clay rather than mo ntmo rillo nite. S ince the ratio of starting materials, molecular we ig ht and yie ld were either different or not avai lable, it is not poss ible to directly compare the work of these investigators. It would be worthwhile to revisit these syste ms in a syste matic manner, so as to see how these variables affect the d-spacing. Finally, for another three-compone nt polymeric surfactant system, which inc ludes St, LA, a nd VBC, there was reported a limitation on the extent of gallery expa nsion that could be achieved for a polymerically modified clay. By varying the amount of VBC in the system, three modified clays with different inorganic clay conte nts were obtained and the d-spacings are constant at about 4 nm in all systems, indicating an intercalated structure that is insensitive to the polymers' stoiclliometry.
PREPARATION AND MORPHOLOGY OF POLYMER CLAY NANOCOMPOSITES
In common practice. w hen preparing polymer clay nanocomposites by melt compounding the clays must be rendered organophilicity so as to become miscible with the polymeric matri x. Organophilicity, most often achieved through cation exchange by quaternary ammonium surfacta nts. raises serious concerns due to the ammonium surfactants' thermal stability; whose degradatio n occur by the Hofmann elimination reactions 92 with an onset temperature of 150-200 °C. 93 limiting substantially the range of melt processing temperatures, especiall y for hig h melting point se mi-crystalline pol yme rs. 94 For example. Yoon et aJ. 95 compounded PS with d i-me thy l-be nzy l hydrogenated tallow a mmonium c hloride modified MMT (MMT-2MBHTA) at 2 10 oc. Due to the limitation of the rmal instability of the organo-clay, the interl ayer ~pac in g injtially expanded to 3.5 nm but the n decreased to 1.9 nm as the compounding time was increased. Thi s effect was attributed to the thermal degradation of the clay's organic modification.9s
For strictly apol ar polymers, such as PE and PP, functionalized polymers (like PE-g-MAH or PP-g-MAH) are required if one is to obtain thermodynamically stable Gene ra ll y. the interca lah.:J nr cx fo lialed slruclUre oft~ polymerica ll y modi fi ed d a y-. arc maintained when lhe. c lay-. a rc furthe r blended w ith a po lymer of the Sattlt' c h c mi~lry. a nd in ab-.c ncc of stro ng polyme r/clay interac ti on!-.. Fo r ex a mple. the fami ly n f V BC-based polymermod ifi ed clay~ ha' bee n ' ucccssfull y me h blended \\ith PE. PP. PS. HIPS. ABS . SAN. PMMA. PET. depending o n the comono m e r' of the VBC copolymers. Olhcr !-.UCh exampl e' incl ude PP-t-N H ; /MMT mi xed with PP h\ s tatic me lt interca la ti on procc'' 11 and PS-t-NHi !Huromk; mixed w ith PS by me lt compnunding.-l° Fig ure 18 sho\\~ s uc h an ex fo liated nanoco mposi te fo r PS mixed wilh PS-1-N H; lfluromica a t 5 lk si licat e load ing. Mater. 4. 965 ( 1994) . 0 19 9-1. Eb c,·icr.
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1 et a l. probed the pha~e be hav io r of po lystyrene with po lystyre ne mo di fi ed cla ys . using fi ve d iffe re nt molecul ar weig ht po lysty re ne surfacta nts rang ing fro m 1700 to 17 .000 g/mo l. SAXS data re veal that the c/-spacing of clay after each moditi<.:atio n is fa irly large and it depends o n the mo lecul ar we ig ht o f the surfactant, in another wo rds, the c ha in le ng th of the surfactant. There was essentially no c hange in the SAXS data between the modified clay and the corresponding po lystyrene hybrid. S imilar be havior was found by Sepehr, 97 w here COPS clay wa.c; mi xed with polystyre ne, yielding e ither no change in the d tXH · spacing or a reduction in c/ 001 in the nanocomposites compared to the one of the po lymerically modified clay. These observations led the authors to conclude that phase-separated morphologies were fo rmed.
In the PP-t-NHIIMMT/PP nanocomposites prepared through static melt intercalation (no shear miJting applied), an exfoliated structure developed and was maintained after further d ilution/mixing with unfunctionalized PP, as lo ng as static melt conditions were maintained. That behavior was attributed to the terminal NHj functional gro up that seem to anchor the e nd-functionalized PP chains o n the inorganic surfaces. and promote an exfoliated structure which can be maintained even after further rnixino with neat pp_ 33 Application of shear however, as for ex~mple when mixing the PP-t-NHj /MMT with neat PP in an extruder or a kneader. can lead the same syste ms to a mostly-intercalated nanocomposite structure. This behavior is strongly reminiscent of what happens w hen polyamide-6 grafted montmorillo nites-such as the Toyota polyamide-6 hybrids 2 -or poly(e-caprolact~ne) grafted cJays9S are co-extruded with the neat respective polymer, i.e .. polyamide-6 or PCL. In both these case the exfoliated structures of the polymer-bearing clays collapses upon mi xing with the neat polymer matrix. a behavior which clearly originates from the strong hydrogenbonding interactions between those po lymers and the silicates. 99 In contrast to these systems, V BC-based polymermodified clays have been used in nanocomposites and in most cases, there is no change in the d-spacing of the polymer-modified clay and the nanocomposites resulting For the . nanocomposites based on SAN polar polymer used to dllute a polymerically modified clay, the XRD patterns · · fi are s1gm cantly differe nt compared with that o f the polymerically modified clay. The strong reflections in the XRD for the polymerically modified clays are e ither broadened or disappear. Taking SAN/triclay system as a n exam.ple, the TEM shows that the SAN/triclay exhibits a n ~xfohat~d structure, as shown in Figure 2 1 , with increasing morgam~ clay content in triclay, in which the cl ay platelets hav~ a high possibility to be bridged. Smce .there are generally extra cations available in the ~oly~enc surfactant after the cation exchange process it IS qmte po~sible that the polycations rearrange during ~he ~e~t blendmg process, as shown in Figure 22 , so that exfohatJon of the clay can take place when clay, polymeric surfactant and polymer matrix interact with each other. ing PS/C O PS n anocn mpo~it c~ a~ a n example. there \\ J~ a decrease o f t e n~il e ~t rc n g th fo r nanocomposites <:Qmpare d to virg in PS.~1 For the tr iday syste m. the tens il~ strength a nd modulus o f thc na nonnnpos ites increase tu .l va lue hi ghe r than th a t in the virg in polyme r by gradunll} inc reas ing the a lumin o-sili cate conte nt in the polymericall y modifi ed clay. The e lo ngatio n a t break of polymer· icall y modi ti ed d ays s h ow~ Ji ffc re nt behavior than that seen fo r the common orga ni<. :all y mod ified clays. which us ua lly show reduced maximum e lo ngation even at low clay loading. For PP/ tric lay nanocompos ite at I. 3 . and 5% ino rganic c lay loa ding, the c ha nge of the e longation L sma ll , from 580 9'o in the virg in PP to 55 1%. 446% . nnd 492% respec tively. For PE/triclay. the decrease in e longa~ tio n is la rger; virg in PE s hows 402% e longation while a 5% clay conta ining nanocomposite g ives 185 %.
NANOCOMPOSITE PROPERTIES
Thermal Sta bilities
The rmogravime tric ana lys is can quantify thermal stability vi a characte ristic te mperatures tha t correspond to a certa in leve l of we ig ht loss; s pecifically, the onset te mper~ ature, whic h is commonly evaluated as the temperature at which I 0 % mass loss occurs, ~1. 1 • a nd the mjd-point of degradati on, ~1. 5 , are two s uch points. The enhancements seen for the polyme ricall y modified clays and their respective nanocompos ites a re s imila r to those based on surfactant organo-clays. Fo r a PS na nocomposite conta ining 25 % C OPS clay (5% s ili cate), the T 0 _ 1 increase~
Polymerically Modified Layered Silicates: An Effective Route to Nanocomposites from 370 oc in PS to 3~7 oc and T 0 ~ incrcn e from 415 oc to 4 38 oc (in N 2 ) . The • ~~-Of' ,~o~,~~ 23 .
Heat transfer from an externa l source o r from the na me promotes thermal decomposition of the o rg ano-clay a nd deg radation of the po ly mer (steps I and 2). Thi ' > re'>Uh' > in the creation of proton ic cataly tic sites on the clay la}er-. that reassemble those o n the s urface of the burning ma terial (step 3). The polyene obtained from EVA d eaccty la tio n can participate in two competiti ve reac tion'\: pcrox ida tio n and chain scissio n to volatile partially-ox idized fragme nt ' > and catalyzed dehydrogenatio n and o x id ative d eh ydrogenation (step 4). The resulting conj ugated po lyene unde rgoes cross-linking and catalyzed dehydrogenati o n to fo rm ~ charred surface layer (ste p 5), which combines and t~tercal ates with the reassembling silicate laye rs to provtde a sort of ceramic char-layered silicate nanocomposite (step 6).
For every polymer, there is a maximum re duction in PHRR which can be achieved. The reduction in the PHRR --- di fference is the " surfactant'' used fo r c lay mod ification. Specificall y. triday is a copo lyme r of styrene. Jauryl anylate and vinylbcnt.yl c hlo ride (V BC) and the inorganic content of the three tridays inc reases fro m 25% in triclay to 37.5% in triclay II t o) ()<;~ in triclay Ill . For COPS clay. the surfacta nt is a copo ly me r o f styrene a nd VBC. while in lauryl clay, the surfac tant is a cupolyme r of lauryl acrylate and YBC. ~rom these data. it seems that styre ne and Jauryl acrylate umts a lone a re not as effecti ve as the ir combination. The long a lky l c hain o n the Iaury! ac rylate may affect the nanocomposite formatio n in two ways: ( 1) increasin2 the miscibility w ith non-polar pol yme rs a nd (2) lubricatio~ from the alkyl c hain. The presence o f styre ne units will promote c har formati on in the presence of cluy.IO<'l
The te nsile stre ng th a nd modulus of the triclay nanocomposites inc rease w ith inorganic conte nt . but the respective PHRR reduction s are s igni ficantly reduced for non-pola r polyme r nanocompos ites, which may indicate poorer na no-dispe rsion as the inorganic content increases. Obvio us ly, the poss ib ility of bridgino between clay plate lets in triclay Ill is very high, since ~here is a large excess o f cations prese nt in the surfactant. It should be very difficult for the polyme r to penetrate between c.lay layers which are he ld together by bridging polycatJOns, which would result in poorer dispersions. For SAN, there is almost no diffe re nce in terms of PHRR reduction between the three tric lays. which suggests equally good nano-dispersion, but the re is a s ignificant difference for the other styre nics polyme rs . The polarity of the polymeric matrix m ay play an important role in the nanocomp~site formation during me lt compounding, as shown in Ftgure 22, with highly expa nded polymerically modified clays.
Incorporating a fl a me retardant component, such as a phosphate, into a polyme ric "surfacta nt" before it is exchanged with clay is anothe r effective way to achieve flame retardancy. Suc h a synthetic route is shown in Figure 24 . For this polymerically modified clay, at 3% inorganic clay loading there is a 55% reduction in the PHRR for polystyrene, a nd at 5% inorga nic clay loading the reduction in PHRR becomes 70%. These reductions are larger than what is seen for the typical polystyrene nanocomposite and this must mean that the phosphate plays an important role in the process; the corresponding heat re lease rate c urves are shown in Figure 25 .
Other thermomechanical properties such as rheological properties. dynamic mechanical thermal analysis 107 were also investigated. but only for a limited number of systems and will not be discussed here.
CONCLUSIONS
A variety of types of polymerically modified clays, includin{' l one-end terminated. a-w two-end tenninated, and m~ltiple-cation containing polymeric .. surfactants" have been synthesized and used for the modification of layered silicates and clays. These polymerically modified nanofillers are usually highly expanded compared to the common organo-clays based on cationic surfactants such as alkyl ammoniums. The polymerically modified clays usually show outstanding thermal stability and may be directly melt compounded with various polymers, i.e., a compatibilizer or a masterbatch is not required even for polyolefin systems. PolymericaJiy modified clay and polymer matrices are frequently immiscible. but with proper design of the polymerically modified clay ~d ~he processing conditions, the clay clusters can be s1gmficantly reduced in size and can become well-dispersed, and thus nanocomposite formation can stiiJ be achieved. In addition. polymeric "surfactants" as organic modifications for clay offer unparalleled opportunitie~ to incorpor~te additional functionalities that target spectfic property Improvements. beyond the dispersion of the fiJiers in the polymer matrix. For example. incorporating phosphate moieties in polymeric ·'surfactants" for clays c~ signHicantly reduce the flammability of the nanocompos1te. 
